BACKGROUND AND PURPOSE: Acute invasive fungal rhinosinusitis carries a high mortality rate. An easy-to-use and accurate predictive imaging model is currently lacking. We assessed the performance of various CT findings for the identification of acute invasive fungal rhinosinusitis and synthesized a simple and robust diagnostic model to serve as an easily applicable screening tool for at-risk patients.
A central purpose of this study was to characterize the imaging abnormalities of the nasal cavities, sinuses, and surrounding structures commonly associated with AIFR, as well as their incidence and predictive values. Previous institutional experience suggested that some features of AIFR are sparsely mentioned in or absent from the literature. This study was designed as a blinded retrospective study to comprehensively analyze the craniofacial region for changes on CT associated with AIFR. Because previous literature implicated the severity of the abnormality as a marker of AIFR, 7 we applied ordinal scales to capture the degrees of nasal and paranasal mucosal disease and regional disease involvement. A key goal of our multivariate analysis was the synthesis of a simple and robust CT-based diagnostic model that could be deployed as a routine screening tool for at-risk patients. Ideally, this model would allow the diagnosis or exclusion of AIFR with a higher degree of confidence than any model previously suggested.
MATERIALS AND METHODS

Patient Selection and Study Design
Requirement for informed consent was waived in this Health Insurance Portability and Accountability Act-compliant retrospective study, which was approved by the university institutional review board. In our attempt to locate all patients undergoing work-up for possible AIFR, we searched the hospital archive for the term "invasive fungal" appearing in reports dating from January 1, 2007 to October 31, 2013, to identify potential study enrollees. Inclusion criteria were the following: 1) histopathologically proved invasive fungal rhinosinusitis meeting the European Organization for Research and Treatment of Cancer/Invasive Fungal Infections Cooperative Group and the National Institute of Allergy and Infectious Diseases Mycoses Study Group Consensus Group criteria for "proven" invasive fungal sinonasal disease, 14 2) a clinical time course of Ͻ4 weeks, and 3) CT imaging of the craniofacial region within the 5 days preceding biopsy or surgery. Forty-four patients met the inclusion criteria. Exclusion criteria were the following: 1) inadequate imaging by failure to cover the entirety of the craniofacial region (1 patient, 2%), or 2) severe motion or beam-hardening artifacts. Forty-two such patients were enrolled as positive for AIFR. Our standard for patients positive for AIFR was histopathology confirming mucosal fungal invasion, which is the criterion standard.
14 To differentiate findings related specifically to AIFR, we selected an appropriate control group of at-risk patients. These control patients came from the same at-risk population and had undergone endoscopy or surgery for high clinical suspicion of AIFR. Patients underwent endoscopy for elevated serum galactomannan (19%, 8 of 42), suggestion based on imaging findings (33.3%, 14 of 42), or clinical suspicion in the absence of serologic or imaging findings (ie, sinonasal symptoms clinically and persistent fever of unknown source [47.6%, 20 of 42]). No patients were positive for ␤-D-glucan. Forty-two such patients were identified in reverse chronologic order with the inclusion criteria of having had an endoscopic visual survey of the nasal cavity with negative findings and/or negative histopathology results for invasive fungal disease, and CT imaging of the craniofacial region in the preceding 5 days. Exclusion criteria were the same as those for patients positive for AIFR. For the control group, all patients underwent, at minimum, a nasal endoscopic survey with negative findings. Biopsy or surgery was also performed in patients with suspicious lesions. All histopathology in the control group confirmed the absence of sinonasal fungal disease. Nasal endoscopy with biopsy of suspicious lesions has been validated as a screening tool 2 and served as the criterion standard for identification of control subjects in our study. Clinical data were also collected from the medical record including surgical reports, histopathology reports, culture results, predisposing conditions, white blood cell count, absolute neutrophil count, and outcome. The absolute neutrophil count was tabulated only in patients with hematologic malignancy or bone marrow transplants. The cause of death was recorded as listed in the medical record.
Imaging Protocol
Eighty-one of the 84 studies were performed at the authors' hospital, using the institutional craniofacial CT protocol. According to our protocol, images were acquired as 1-mm-thick sections with spacing of 0.8 mm and an in-plane FOV from 170 to 190 mm. Reconstructions using a bone algorithm were also performed at a section thickness of 0.75 mm with 0.5-mm spacing. The scan was obtained in the axial plane from above the frontal sinuses through the hard palate. Multiplanar reformations were also completed in the coronal and sagittal plane. In 3 patients, only craniofacial studies performed at an outside institution were available for review. These studies were acquired with 2.5-mm thickness with coronal and sagittal reformations. Both bone and soft-tissue algorithm images were obtained, and only 1 used intravenous contrast. Patients with clinical suspicion of intraorbital or intracranial involvement received intravenous iodinated contrast (75-mL iohexol, Omnipaque 350; GE Healthcare, Piscataway, New Jersey) at 0.8 mL/s with imaging delayed 90 seconds after the injection of contrast. Contrast was administered in 11 of 42 patients with AIFR and 12 of 42 control patients.
Image Analysis
We used a blinded retrospective experimental design. Each study was completely anonymized before being loaded on an assigned PACS workstation. Two neuroradiologists independently interpreted the studies. Each reader had completed a 1-year Accreditation Council for Graduate Medical Education-approved neuroradiology fellowship and an additional dedicated 1-year fellowship in head and neck imaging. One reader (R.O.D.J.) had 3 years of experience interpreting head and neck imaging, and the second reader (T.C.M.) had 2 years of experience. A third reader (A.A.M.) with 35 years of experience in head and neck imaging was a tiebreaker for discrepancies by providing an ordinal value to replace the initial readers' results. The readers were blinded to all patient clinical information, histopathology results, and the number of AIFR cases versus controls. The studies were presented in randomized order to each reader.
The readers graded the amount of mucosal disease in each of the maxillary sinuses, frontal sinuses, sphenoid sinuses, anterior ethmoid air cells, posterior ethmoid air cells, anterior nasal cavity, posterior nasal cavity, and nasopharynx. Mucosal disease was graded on a scale of 0 -5 (eg, 0 ϭ normal, 1 ϭ Ͻ25% opacified, 2 ϭ 25%-50% opacified, 3 ϭ 50%-75% opacified, 4 ϭ 75%-100% opacified, 5 ϭ mucocele [100% opacified with expansion]). The readers also recorded the presence of infiltration of the sphenopalatine foramen, pterygopalatine fossa, anterior periantral fat, posterior periantral fat, nasolacrimal duct, lacrimal sac, medial orbital fat, inferior orbital fat, and submucosa/bone of the hard palate on a 0 -5 scale on the basis of the subjective severity of involvement for the left and right sides separately. The presence of nasal septal mucosal ulceration was assigned as either "present" or "absent." The presence of subdural, epidural, or brain parenchymal extension, along with cavernous sinus involvement, abscess formation, bone dehiscence, arterial thrombosis, and/or venous thrombosis, was similarly graded from 0 to 5. The purpose of using an expanded grading scale for extension beyond the sinus was to better elucidate minor discrepancies between readers. These values were analyzed as both graded variables and binary variables to ensure that no significant differences existed. The plane of the vertical process of the palatine bone defined the boundary between the sphenopalatine foramen and the pterygopalatine fossa.
There were 3 instances of disagreement (grading scale variation of Ͼ1) between the 2 primary readers that required reconciliation by the third reader. The specific disagreements included the presence of superior ophthalmic vein thrombosis (0 versus 2; final ϭ 0), involvement of pterygopalatine fossa (0 versus 3, final ϭ 3), and cavernous sinus involvement (1 versus 5, final ϭ 5). All instances were in patients positive for AIFR.
Statistical Analysis
Basic data compilation and manipulation were performed in Excel (Microsoft, Bothell, Washington). Statistical analysis was performed by using JMP Software (SAS Institute, Cary, North Carolina). Specificity, sensitivity, positive predictive value, and negative predictive value were determined across ordinal ranges from binary (presence/absence) to the highest degree of opacity or disease involvement. Lateral data were used to assess lateral disease predominance. Otherwise, data from each measured region with laterality were consolidated to yield single ordinal estimates of disease prevalence or involvement. The resulting 23 variables were evaluated for intercorrelations and univariate correlations with AIFR and were further interrogated by using stepwise linear regression to elucidate the most salient predictors of AIFR. Variable entry into the regression required reducing Akaike Information Criterion, which is a measure of the relative quality of competing statistical models. ANOVA, t tests, and nonparametric 2 tests were used as appropriate to assess statistical differences between or among variables. The Cochran-Armitage Trend test was used as a modification to 2 for ordinal variables to assess the relationships between the degree of opacity (or degree of involvement) and AIFR.
RESULTS
There were few statistical differences of note for any of the demographic or clinical variables collected (Table 1 ). In particular, there was no significant difference in the absolute neutrophil count of the 2 groups (P ϭ .66). The presence of blast crisis in 2 control patients increased the average absolute neutrophil count in the control group; however, this did not meet statistical significance. The control patients were all discharged and had a minimum of 18 days of follow-up (346.7 Ϯ 402.4 days) after negative endoscopy findings. No evidence of fungal sinusitis was present at the time of the last follow-up. The most prevalent predisposing conditions were leukemia, particularly acute myelogenous leukemia, and diabetes ( Table 2) . As expected from our sampling regimen, these predisposing conditions were represented in statistically similar manners between control patients and those with AIFR. Aspergillus species (42.9%) and Mucor species (23.8%) were the most commonly isolated fungal pathogens (Table 3 ). Because fungal cultures commonly fail to have fungal growth, 15 no definitive speciation could be determined in 8 patients (19%). The overall mortality in the AIFR group was significantly higher than that in the control group (52% versus 21%, 2 ϭ 8.845, P ϭ .003). The mortality related directly to AIFR was 17%.
AIFR correlated most strongly with disease involvement in the pterygopalatine fossa (r ϭ 0.64), periantral fat (r ϭ 0.61), nasolacrimal duct (r ϭ 0.52), and the lacrimal sac (r ϭ 0.52). When considered as binary variables (ie, absence [0]/presence [1] [2] [3] [4] [5] ), these 4 variables displayed relatively high specificities (93%-100%) and sensitivities (50%-74%, Fig 1) . A correlation of note is that sphenopalatine foramen involvement was present in 72% of patients positive for AIFR with pterygopalatine fossa involvement.
Thirteen variables had 100% specificity for AIFR, but only 5 of these had a sensitivity of Ͼ30% (nasolacrimal duct, lacrimal sac, septal ulceration, orbital involvement, and bone dehiscence; Figs 2 and 3) . The remaining variables with 100% specificity represented late-stage disease findings (epidural, subdural, abscess, venous thrombosis, arterial thrombosis, cavernous sinus involvement, intraparenchymal extension, and horizontal palate involvement; Fig 4) . Variables related to the degree of opacity had relatively poor sensitivity and specificity as binary variables.
AIFR specificity increased significantly as a function of the degree of opacity in 6 of the 8 measured regions (Fig 5) -that is, the number of AIFRpositive cases was proportionally greater with higher severity of mucosal disease in the anterior nasal cavity (Z ϭ Ϫ3.99, P Ͻ .001), posterior nasal cavity (Z ϭ Ϫ4.51, P Ͻ .001), nasopharynx (Z ϭ Ϫ2.72, P ϭ .003), sphenoid sinus (Z ϭ Ϫ2.89, P ϭ .002), anterior ethmoid air cells (Z ϭ Ϫ3.53, P Ͻ .001), and posterior ethmoid air cells (Z ϭ Ϫ3.91, P Ͻ .001). In particular, 93%-100% of the patients with Ն75% opacity (ordinal ranking, 3-5) in the nasal cavity or nasopharynx were positive for AIFR.
Laterality data were initially collected to determine whether a unilateral predominance existed. Unilateral AIFR was present in 78.6% of cases (33/42, 2 ϭ 14.58, P Ͻ .001) with strong predilection of the disease for the right side. Only the right side was affected in 69.7% of unilateral cases (23/33, 2 ϭ 5.26, P ϭ .022). We did not find that laterality added additional predictive value to our models; therefore, laterality data were consolidated for further analysis using the highest unilateral score. We balanced statistical rigor of multivariate stepwise regression (minimizing Akaike Information Criterion) with the clinical reality of maximizing positive predictive value (PPV) and negative predictive value (NPV) to generate a 7-variable diagnostic model to predict AIFR (On-line Table) . The top 4 variables in the model (periantral fat, pterygopalatine fossa, nasolacrimal duct, and lacrimal sac) were the most correlated with AIFR. These variables highly intercorrelated themselves and were present in most or all of the numerous statistical models generated during this evaluation. With respect to the 7-variable model, the presence of any single positive variable has an 87% PPV, 95% NPV, 95% sensitivity, and 86% specificity. Moreover, a positive outcome in any 2 variables predicted AIFR with 100% specificity, 100% PPV, and 88.1% sensitivity. Our results show that Ն2 of the 7 model variables were positive in 88% (37 of 42) of the patients with AIFR (Fig 6) .
DISCUSSION
We present a simple-yet-accurate CT-based clinical model derived from a large single-institution study that can exclude or diagnose AIFR with a higher degree of confidence than suggested previously. 8, 9 A key attribute of this model is that within our clinical dataset, the involvement of any 2 of the 7 variables predicted AIFR with 100% specificity. The predictive power is also enhanced because 88% of patients with AIFR presented with findings captured by Ն2 variables. This model has variables that have been previously ascribed to characteristic imaging findings for AIFR 1, 8, 10, 11 (periantral fat, bone dehiscence, orbital invasion, pterygopalatine fossa), as well as uncommonly described markers for AIFR such as nasolacrimal duct and lacrimal sac involvement. 16, 17 The power of the clinical model resides in the aggregate evaluation of all 7 variables because no individual variable had both high PPV and high NPV. For example, disease involvement in the periantral fat-an early indicator of AIFR 10 -was the best individual predictor of AIFR in our study but, by itself, had a sensitivity of only 74%. Bone dehiscence proved to be a specific marker for AIFR (100% specificity) but has low sensitivity (35%), which agrees with previously reported data. 8 Because the fungi tend to spread through vascular channels or along nerves, [18] [19] [20] [21] extension outside of the sinus frequently occurs in the absence of bone destruction. Therefore, bone destruction alone is not a useful exclusionary criterion. This phenomenon likely explains the high correlation seen with involvement of the sphenopalatine foramen and ipsilateral pterygopalatine fossa, suggesting extension from the nasal cavity along either posterior superior nasal nerves or the sphenopalatine artery. This is in contradistinction to isolated involvement of the posterior periantral fat, which is more likely related to direct extension from the maxillary sinus along vascular channels.
Our study agrees with previous literature implicating severe nasal cavity mucosal thickening on CT as a common finding in patients with AIFR. 8 This is noteworthy because of the relatively good prognosis when AIFR is limited to the nasal cavity. 2 Unfortunately, unilateral nasal cavity disease has a low specificity though it is one of the more frequent findings in AIFR (78.6% of patients in our study had unilateral predominant disease). Consequently, unilateral nasal cavity disease may not be a reliable individual predictor of AIFR. The correlation of AIFR with the 
